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Abstract.-Km (app) and kcat values for the 6-chymotrypsin-catalyzed hydroly-
sis of N-acetyl-L-tryptophan methyl ester and N-furylacryloyl-L-tryptophan-
amide were measured as a function of pH and ionic strength. The Km (app)
values do not increase considerably above pH 9 for b-chymotrypsin, as is the case
with a-chymotrypsin. The observed kinetic difference between both enzymes at
high pH suggests that the reversible inactivation of a-chymotrypsin at alkaline
pH may involve the participation of tyrosine 146 or alanine 149 since both resi-
dues are present as chain termini in a-chymotrypsin but not in 8-chymotrypsin.

Previous studies have shown that the second-order rate constant kcatjKm (app)
of a-chymotrypsin-catalyzed hydrolysis of specific esters and amides shows a
sharp decrease above pH 8 with an apparent dependence on an ionizable acid
group with a pK of 8.5-9.0.1, 2 Further investigations have shown that this de-
crease in kcat/Km (app) is due to a drastic increase in the Km (app) term and more
specifically to a decrease in the ability of the enzyme to bind substrates at high
pH.3' 4

To explain these changes in Km (app), a pH-dependent equilibrium between
two major conformations of the enzyme has been proposed.3' 4 This equilibrium
is thought to be governed by the ionization of the a-amino group of the N-
terminal isoleucine 16 that is liberated when chymotrypsinogeli is converted into
active chymotrypsin by the action of trypsin.5 Several hypotheses have been
formulated to explain the mechanism by which this a-amino group could control
the activity and binding ability of the enzyme. 4,6
The a-amino group of isoleucine 16 is also present in b-chymotrypsin, a form of

chymotrypsin formed in the trypsin-catalyzed "rapid activation" of chymo-
trypsinogen.7 Although a good deal of work has been done in the kinetic proper-
ties of a-chymotrypsin at high pH, very little information is available in the lit-
erature regarding the kinetic properties of b-chymotrypsin. Only the kinetics of
the hydrolysis of N-acetyl-i-tryptophanamide has been previously reported.4 It
is interesting to note in this respect that several experiments such as optical rota-
tion5 and optical rotatory dispersion,8 in which important conclusions regarding
the behavior of a-chymotrypsin at high pH were obtained, have been done with
b-chymotrypsin. A similarity in the kinetic behavior at high pH between both
enzymes has always been assumed.

This paper reports the alkaline pH dependence of the -chymotrypsin-cata-
lyzed hydrolysis of the specific substrates N-acetyl-L-tryptophan methyl ester
and N-furylacryloyl-L-tryptophanamide. Kinetic runs with acetylated 6-
chymotrypsin were carried out for purposes of comparison. The effect of ionic
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strength was also studied. The results are discussed in terms of the present
hypothesis for the mechanism of inactivation of a-chymotrypsin at high pH.

Materials and Methods.-All enzymes were obtained from Worthington Biochemical
Corp. Salt-free three-times-crystallized chromatographically homogeneous a-chymo-
trypsin (lot CDS-6602) was used. Quantitative N-terminal group analysis gave 0.85 i
0.1 mole of isoleucine and 0.65 i 0.1 mole of alanine per mole of active enzyme. Salt-
free three-times-crystallized 5-chymotrypsin (lot CDD-6032) was employed. This enzyme
contains 0.85 4- 0.1 mole of isoleucine and 0.0 mole of alanine a-amino terminal residues
per mole of active enzyme. Salt-free five-times-crystallized electrophoretically homo-
geneous chymotrypsinogen A (lot CGC-8CC) and salt-free, two-times-crystallized trypsin
(lot TRI6256) were used.
Acetylated 6-chymotrypsin was prepared by acetylating chymotrypsinogen A with

acetic anhydride followed by activation by trypsin according to the procedure of Oppen-
heimer et al.' Deacetylation of tyrosyl residues was accomplished by incubating the
acetylated enzyme with 0.2 M NH20H at pH 10.5 for 30 min at 40C. After purification
by chromatography on Sephadex CM-50, the enzyme was shown to contain 0.85 + 0.1
mole of isoleucine and 0.05 + 0.03 mole of alanine as a-amino terminal residues per
mole of active enzyme; 92% of the eamino groups of the lysine residues were shown to
be acetylated. Enzyme solutions were freshly prepared and their normality was deter-
mined by spectrophotometric titration with N-trans-cinnamoylimidazole.9
N-Acetyl-L4tryptophan methyl ester was a Cyclo Chemical Co. product (lot 34735)

and was recrystallized twice from acetonitrile before use (mp 153.00). N-trans-Cinna-
moylimidazole was recrystallized four times from hexane (mp 1320) and was a gift from
Y. Nakagawa. N-2-Furylacryloyl-L-tryptophanamide (lot K5502-2) was obtained from
Cyclo Chemical Co. and recrystallized from ethyl acetate-hexane (mp 176-178'). Stock
solutions of substrates were made from Eastman nanograde acetonitrile. Buffer solutions
of ionic strength 0.1 were prepared from analytical reagent grade materials. Solid KCl
was added to prepare buffers of ionic strength 0.5 and 1.0.
The kinetics of hydrolysis was determined with a Cary 14 recording spectrophotometer

equipped with a thermostated cell compartment. The hydrolysis of N-acetyl-L-trypto-
phan methyl ester was followed at 300 nm. The hydrolysis of N-furylacryloyl--trypto-
phanamide (UV max 305 nm, e = 25,800) was followed at 340 nm with 0.1 cm light path
cells. The absorbance data were converted into rate data, using AE = 740 as the dif-
ference in molar absorptivities between the ester and the acid.10 The results were ana-
lyzed by using a one-run digital computer program based on a least-squares analysis of
v/S versus v (Eadie plots).
The pH of each reaction was determined at the beginning and at the end of the reac-

tion by using a Radiometer 4c pH meter with a type B glass electrode. Although most
of the runs at high pH reported in this paper were carried out with carbonate buffers,
ammonia-ammonium chloride buffers were also used and identical results were obtained.

Quantitative N-terminal group determinations were performed by the method of
Sanger." DNP-amino acids were determined spectrophotometrically after separation
by thin-layer chromatography as described by Labouesse et al.12 DNP-amino acids ob-
tained from Calbiochem were used as standards.
Results.-The values of Km (app) and kcat for the 5-chymotrypsin-catalyzed

hydrolysis of N-acetyl-L-tryptophan methyl ester (ATME) are presented in
Table 1 for native 6-chymotrypsin and in Table 2 for acetylated -b-chymotrypsin.
The Km-pH profiles for the reaction at three different ionic strengths are pre-
sented in Figure 1 for both forms of the enzyme. It can be seen that at ionic
strength 0.1, Km (app) for both enzymes increases by a factor of three in the pH
region 8 to 10.5-11.0. The curve appears to level off at pH near 11. Increasing
the ionic strength to 0.5 or 1.0 causes a remarkable decrease in the Km (app)
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TABLE 1. Kinetics of the -chymotrypsin-catalyzed hydrolysis
methyl ester.*

pH Buffer
Ionic strength 0.1

6.96 Phosphate
7.53 Phosphate
7.92 Tris-HCl
8.25 Tris-HCL
8.50 Tris-HCl
8.85 Glycine
9.46 Carbonate
9.51 Carbonate
9.70 Glycine
10.02 Carbonate
10.20 Carbonate
10.35 Glycine
10.67 Carbonate
10.78 Carbonate
10.97 Corbonate
11.10 Carbonate
11.15 Carbonate

Ionic strength 0.5
6.72 Phosphate
7.24 Phosphate
8.05 Tris-HCL
8.74 Tris-HCl
8.98 Glycine
9.22 Carbonate
9.41 Carbonate
9.57 Carbonate
10.03 Carbonate
10.41 Carbonate
10.48 Carbonate
11.02 Carbonate

Ionic strength 1.0
7.12 Phosphate
7.98 Phosphate
8.35 Tris-HC1
8.52 Tris-HC1
9.02 Carbonate
9.29 Carbonate
9.38 Carbonate
9.79 Carbonate
10.18 Carbonate
10.32 Carbonate
10.67 Carbonate
10.86 Carbonate

* 1.6% (v/v) acetonitrile-water at 25 + 0.20C.

kmt, sec'

23.6 i 0.5
35.4 i 0.7
36.1 i 1.0
41.8 i: 1.0
43.4 == 1.0
47.1 + 1.5
45.5 == 0.5
45.2 i 2.5
46.6 i 3.5
41.2 i: 0.8
37.3 + 0.8
48.2 i 1.7
41.2 == 1.5
40.5 i 1.5
36.4 i- 1.6
38.1 :t 1.0
34.5 4t 1.5

20.3 A: 0.5
33.0 == 1.5
43.0 i 1.0
46.3 i 1.0
48.0 ± 1.0
47.5 i 0.9
44.7 i 1.1
44.9 + 2.0
38.6 i 1.5
34.8 == 2.0
33.2 i 1.8
29.5 i 1.5

30.3 i 0.5
43.4 i 1.0
45.6 i: 1.0
45.8 i 0.5
35.3 i 1.0
44.1 + 1.5
43.1 + 0.5
45.0 ± 0.5
29.4 i 1.0
35.7 + 1.5
32.0 ± 3.5
25.6 i 1.5

[EoI = 1 to 3 X 10-

of N-acetyl-&tryptophan

Km (app) X 10W M

8.8 it 0.4
8.7 4- 0.6
9.6 it 1.4
7.8 it 0.6
9.8 it 0.4
7.6 ±t 0.4
13.6 it 0.5
14.8 4t 0.5
16.5 1= 0.6
19.2 == 0.7
21.3 == 0.8
23.2 it 1.0
26.9 4t 1.2
27.0 it 1.3
26.9 4± 0.6
32.4 it 0.8
31.2 +J 1.8

7.5 == 0.3
6.6 == 0.5
5.1 ±= 0.6
50.8 it 0.3
4.8 +t 0.4
8.5 +t 0.4
8.0 == 0.5
9.0 4t 0.6
10.3 ±t 2.6
11.8 ±t 0.6
10.6 == 0.7
12.0 4+ 1.2

5.9 i+ 0.5
5.3 4+ 0.6
4.3 4t 0.5
4.9 ±t 0.8
4.4 ±= 0.4
6.2 +4 0.7
6.9 it 0.3
8.1 it 0.2
9.0 +t 0.5
8.0 4t 0.8
7.8 4+ 1.2
7.6 += 1.0

AM. [So] = 6to8 X 10-4M.

values, particularly in the high pH region. The value of Km (app) at pH 11 is
less than two times the value at pH 8. The profiles corresponding to ionic
strength 0.5 and 1.0 definitely level off and the Km (app) values are independent
of pH above 9.8.
When the data were plotted according to the method of Dixon,13 approximate

values for the pK (app) for the ionizing group involved were obtained. A pKE
(app) value of 9.25 was obtained for the pH dependence of Km at the three differ-
ent ionic strengths. This pK is perturbed by substrate binding to pKEs (app)
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TABLE 2. Kinetics of the acetylated-&chyt
tryptophan methyl ester.*

pH Buffer
Ionic strength 0.1

7.09 Phosphate
7.61 Phosphate
7.92 Tris-HCl
8.54 Tris-HCI
9.04 Glycine
9.29 Carbonate
9.57 Carbonate
9.71 Carbonate
9.93 Carbonate
10.33 Carbonate
10.65 Carbonate
10.85 Carbonate
11.15 Carbonate
11.25 Carbonate

Ionic strength 0.5
6.74 Phosphate
7.25 Phosphate
8.05 Tris-HC1
8.69 Tris-HCI
8.98 (lycine
9.30 Carbonate
9.54 Carbonate
10.09 Carbonate
10.42 Carbonate
10.64 Carbonate
11.11 Carbonate

Ionic strength 1.0
7.16 Phosphate
7.87 Phosphate
8.13 Tris-HCl
8.56 Tris-HC1
8.77 Glycine
9.32 Carbonate
9.50 Carbonate
9.71 Carbonate
10.01 Carbonate
10.32 Carbonate
10.58 Carbonate
11.10 Carbonate

* 1.6% (v/v) acetonitrile-water at 25 i 0.2IC.

motrypsin-catalyzed hydrolysis of N.acetyl-L-

kcat, sec 1

28.4 i 0.7
41.4 4+ 1.5
43.2 4± 0.7
44.7 ± 1.0
49.7 4± 1.5
45.2 4- 0.5
45.2 +t 0.0.
40.6 i 1.2
31.2 ± 1.5
37.3 i 3.0
36.0 i 5.0
32.4 i: 2.0
24.8 i 1.0
24.1 i 2.0

33.6 i 1.0
46.5 4t 2.5
53.6 i 1.0
52.5 4t 1.5
56.1 i 1.5
47.1 i 2.0
45.1 i 1.8
34.9 4± 2.0
28.9 i 1.0
23.8 i 3.8
28.0 i 2.0

Km (app) X 10C M

6.6 ±t 0.7
8.4 4± 1.0
6.6 ± 0.5
6.8 i 0.4
8.9 i 2.9
11.8 i 0.7
16.5 1= 0.5
19.5 4± 1.5
18.6 it 2.0
25.0 -t 2.8
24.5 it 5.0
26.5 it 2.0
22.9 it 2.6
22.6 it 4.2

6.5 4t 0.2
5.6 it 0.7
6.4 -- 0.1
6.2 ±t 0.4
6.0 1= 0.4
9.5 it 0.6
10.9 d= 1.5
11.9 == 2.0
12.2 ± 1.0
11.4 + 1.5
11.8 4± 0.8

38.2 ±t 2.0 5.8 4± 1.4
48.9 -- 1.0 5.4 4t 0.5
48.5 it 1.0 5.0 ±4 0.5
47.6 == 1.0 3.9 it 1.5
50.4 4t 1.2 4.0 == 0.8
45.5 ±- 1.5 6.0 ±t 0.8
44.7 4± 2.0 6.8 it 0.7
45.0 4t 0.5 8.8 it 0.5
41.9 == 0.5 9.2 ±t 0.2
35.3 ±t 3.5 8.7 ±t 1.8
30.6 ±t 2.0 8.8 ±= 1.1
25.6 ±t 1.0 8.8 ±= 0.7

[Eol = lto3 X 10-7M. [IS] = 6to8 X 10-4M.

values of 9.75, 9.55, and 9.50 for the reaction at ionic strengths 0.1, 0.5, and 1.0,
respectively. The results indicate that the main effect produced by increasing
the ionic strength in the 5-chymotrypsin-catalyzed hydrolysis of ATME is a shift
in the pKES (app) to a lower value.
The results so far obtained indicate that the behavior of 5-chymotrypsin in its

reaction with ATME at high pH contrasts markedly with the well-known
behavior of a-chymotrypsin with the same specific substrate.1' 3 In Figure 2 the
pH dependence of Km (app) for the reaction of 5-chymotrypsin with ATME is
compared with that of a-chymotrypsin at the same ionic strength. It can be
seen that the profiles differ significantly. The Km (app) values for the a-
chymotrypsin-catalyzed reaction increase sharply above pH 8.8 in agreement
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FIG. 1 (above).-pH dependence of Km (app) 4
for the 6-chymotrypsin-catalyzed hydrolysis of
ATME. 0, 5-Chymotrypsin at ionic strength
0.1; *, acetylated b-chymotrypsin at ionic
strength 0.1; A, 8-chymotrypsin at ionic strength 20o
0.5; A, acetylated 5-chymotrypsin at ionic A 7
strength 0.5; O, b-chymotrypsin at ionic strength cA
1.0; U, acetylated 5-chymotrypsin at ionic
strength 1.0; For buffer composition see
Tables 1 and 2. Experimental conditions were 7 8 9 10 11
described in Materials ana Methods. pH

FIG. 2 (right).-pH dependence of Km (app) for the a-chymotrypsin and 5-chymotrypsin-
catalyzed hydrolyses ofATME at ionic strength 0. 1. A, a-Chymotrypsin; 0, b-chymotrypsin;
0, acetylated b-chymotrypsin. For experimental conditions see Materials and Methods.

with previous reports.3 The Km (app) values for the b-chymotrypsin-catalyzed
reaction only increase by a factor of three from pH 8 to pH 11. For a-chymo-
trypsin a pKE (app) value of 9.0 was obtained.
The results obtained for the b-chymotrypsin-catalyzed hydrolysis of N-furyl-

acryloyl-L-tryptophanamide (FATA) are presented in Table 3 and Figure 3.
Although the Km (app) values obtained in this research with FATA are somewhat
higher, the Km (app)-pH profile is quite similar to that reported by Himoe et al.
for the 6-chymotrypsin-catalyzed hydrolysis of N-acetyl-i-tryptophanamide
(ATA)." It can be seen from Figure 3 that Km (app) increases only about three
times from pH 8 to pH 10.5-11.0. Above this pH the values of Km (app) seem to
become independent of the pH. The same is true for the 6-chymotrypsin-
catalyzed hydrolysis of ATA.4 From the results given in Table 3, values of pKE
(app), 9.5, and pKEs (app), 10.0, were obtained. The same behavior, within the
experimental error, was obtained at ionic strengths 0.1 and 0.5. Again it is pos-
sible to note the difference between the Km (app)-pH profile reported here for the
b-chymotrypsin reaction with FATA and the Km (app)-pH profile previously re-
ported for the reaction of a-chymotrypsin with ATA,3I4where Km (app) increases
progressively above pH 8.8 to much higher values, very similar to the result oW
tained with ester substrates.3

In order to compare the behavior of both enzymes at high pH, we have mea-
sured the second-order rate constant kcat/Km (app) for the reaction of 6- and
a-chymotrypsin with FATA at pH 11.0. A value of 8.00 M-1 sec' was obtained
for the reaction with 6-chymotrypsin and 0.10 M-1 sec' for the reaction with
a-chymotrypsin. This indicates that at pH 11.0 6-chymotrypsin is approxi-
mately 80 times more active than a-chymotrypsin toward FATA.
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TABLE 3. Kinetics of 6chymotrypsin-catalyzed hydrolysis of N-2-furylacryloyl-L-trypto-
phanamide.*

pH Buffer kcat X 102 sec-' Km (app) X 103 M
Ionic strength 0.1

7.45 Phosphate 15.1 i 2.0 5.0 ±4 1.0
8.03 Tris-HC1 19.1 i 2.0 6.0 -4 1.2
8.30 Tris-HCl 19.8 i 3.0 8.1 + 2.0
8.45 Tris-HCI 22.0 + 2.3 8.0 i 1.5
8.70 Tris-HCl 14.5 i 4.5 4.2 i 0.8
9.05 Glycine 20.0 i 2.0 4.5 + 1.2
9.25 Carbonate 17.5 i 2.5 7.0 i 3.0
9.65 Glycine 19.6 + 0.8 11.0 + 1.0
10.00 Carbonate 19.1 i 2.0 14.8 + 1.8
10.40 Carbonate 15.0 + 2.0 18.0 i 2.0
10.80 Carbonate 12.0 +t 2.0 15.0 3.0

Ionic strength 0.5
8.17 Tris-HCl 23.4 i 2.6 9.1 ± 2.4
9.04 Carbonate 18.1 + 1.5 5.5 ± 1.0
9.30 Carbonate 26.2 + 2.5 7.3 + 3.3
9.80 Carbonate 12.0 + 2.8 10.3 + 2.1
10.01 Carbonate 12.5 +4 2.5 17.8 +- 1.4
10.80 Carbonate 12.3 i 4.2 23.7 + 6.1

* 8.4% (v/v) acetonitrile-water at 25 ± 0.20C. [Eo] = 5 to 6 X 105 M. [So] = 1.2 to 1.5 X
10-2 M.

Discussion.-Our data indicate that there is a profound difference in the alka-
line pH dependence of Km (app) for ATME and FATA between 6-chymotrypsin
and a-chymotrypsin. This finding, together with that previously reported for
the hydrolysis of ATA,4 suggests that this is a general phenomenon, at least for
specific substrates. The fact that this difference is observed with specific amide
substrates, where Km is equal to K,,14, 15 indicates that the difference between the
two enzymes lies in a different pH dependence of K, the dissociation constant for
the ES complex.

Increase of the ionic strength results in a decrease in Km (app) for ATME.
This effect is more pronounced in the alkaline pH region. It has been shown that
for specific ester substrates Km is equal to k3K,/(k2 + k3). Our results withATME
indicate the k3 does not change with ionic strength. Kinetic experiments carried
out in this laboratory with N-acetyl-L-valine methyl ester show a decrease in Km
and no change in k2.16 So the changes in Km with ionic strength observed for the
reaction of 6-chymotrypsin with ATME can be attributed to a decrease in K,
rather than an increase in k2 or decrease in k3.17
Our results show that an ionizing group with a pK (app) of 9.25 is involved in

the binding of ATME to 5-chymotrypsin. This pK is shifted to a higher value

30
FIG. 3.-pH dependence of Km (app) 2

for the 5-chymotrypsin-catalyzed hydrol- 10
ysis of FATA. 0, ionic strength 0. 1; A, X 20
ionic strength 0.5. Buffer composition E + o
is in Table 3. Experimental conditions l0 oA
as described in Materials and Methods. a

7 8 9 10 11
pH
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upon binding of the substrate to the enzyme. This shift is ionic-strength-depen-
dent and the difference between pKE (app) and pKEs (app) at ionic strength 0.5 is
only 0.3, indicating that the binding of the substrate to 6-chymotrypsin at this
ionic strength exhibits a rather small dependence on pH. The pK (app) values
obtained in this research are in qualitative agreement with the values determined
by Hess and co-workers from substrate-induced proton uptake experiments with
ATA.'8
A pH-dependent equilibrium between active and inactive conformations of the

enzyme has been proposed to explain the drastic decrease in the binding ability of
a-chymotrypsin at alkaline pH.3' 4 This equilibrium is assumed to be governed
by the ionization of the a-amino group of isoleucine 16.5 A pH-dependent intra-
molecular competitive inhibition has been proposed to explain the mechanism of
action of this residue.3 An alternative explanation has been developed by Sigler
et al. in light of the X-ray diffraction studies on the structure of crystals of tosyl-a-
chymotrypsin.6 They have proposed that the active conformation of the enzyme
in solution is stabilized by a salt bridge between the ammonium group of iso-
leucine 16 and a carboxylate group of aspartic 194 in a region of the enzyme of low
dielectric constant.

It is quite likely that the group involved in the K,,, (app)-pH transitions re-
ported here for 5-chymotrypsin is the a-amino group of isoleucine 16.3' 5 Our
results indicate, however, that the state of ionization of this group in 5-chymo-
trypsin is not crucial for the binding ability of the enzyme, especially at ionic
strength 0.5 or higher. Thus, our results do not seem to support the hypothesis
of Sigler et al.6 a-Chymotrypsin binds substrate, and it is active in conditions in
which salt bridge between isoleucine 16 and aspartic acid 194 should not exist (pH
above 11 and ionic strength 1.0). This suggests that the formation of active
5-chymotrypsin from chymotrypsinogen as well as the inactivation of 5-chymo-
trypsin by acetylation of the a-amino group of isoleucine 16 may not be related
with a formation or disruption of an essential salt bridge.6' I

The still unknown mechanism of inactivation of a-chymotrypsin at high pH
may be tentatively explained by considering the fact that a-chymotrypsin differs
from 5-chymotrypsin by the presence of two new terminal residues, the carboxy
terminal tyrosine 146 and the amino terminal alanine 149.1' Both residues have
groups that ionize at alkaline pH and are chain termini. Therefore, we can ex-
pect that they are fairly mobile and have increased possibilities of interaction
with other groups of the enzyme.20 One explanation is that the ionization of one
or both of these groups in a-chymotrypsin produces a change in the relative posi-
tion of the residues responsible for binding. This may increase the inhibitory or
disruptive effect of the deprotonation of isoleucine 16 relative to the effect of this
residue in 5-chymotrypsin. A second and more attractive possibility involves a
more direct interaction between alanine 149 or tyrosine 146, or both residues,
with the groups involved in the binding and activity of the enzyme. Experi-
mental research using these working hypotheses is in progress in our laboratory.
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